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Sequential domain refolding of pig muscle 3-phosphoglycerate
kinase: kinetic analysis of reactivation
Andrea N Szilágyi and Mária Vas
Background: Slow refolding of 3-phosphoglycerate kinase is supposed to be
caused mainly by its domain structure: folding of the C-terminal domain and/or
domain pairing has been suggested to be the rate-limiting step. A slow
isomerization has been observed during refolding of the isolated C-terminal
proteolytic fragment (larger than the C-domain of about 22 kDa by 5 kDa) of the
pig muscle enzyme. Here, the role of this step in the reformation of the active
enzyme species is investigated.
Results: The time course of reactivation during refolding of 3-phosphoglycerate
kinase or its complementary proteolytic fragments (residues 1–155 and
156–416) exhibits a pronounced lag-phase indicating the formation of an
inactive folding intermediate. The whole process, which leads to a high
(60–85%) recovery of the enzyme activity, can be described by two
consecutive first-order steps (with rate constants 0.012 ± 0.0035 and
0.007 ± 0.0020 s–1). A prior renaturation of the C-fragment restores MgATP
binding by the C-domain and abolishes the faster step, allowing the separate
observation of the slower step. In accordance with this, refolding of the
C-domain as monitored by a change in Trp fluorescence occurs at a rate similar
to that of the faster step.
Conclusions: In addition to the previously observed slow refolding step
(0.012 s–1) within the C-domain, the occurrence of another slow step
(0.007 s–1), probably within the N-domain, is detected. The independence of
the folding of the C-domain is demonstrated whereas, from the comparative
kinetic analysis, independent folding of the N-domain looks less probable. Our
data are more compatible with a sequential, rather than random, mechanism
and suggest that folding of the C-domain, leading to an inactive intermediate,
occurs first, followed by folding of the N-domain.
Introduction
How the amino acid sequence of a protein directs its
folding towards the native, functional conformation is,
as yet, unresolved. According to the current view of
protein folding, no well-defined unique pathway exists
[1] but several possible, more or less direct, routes lead
from the unfolded to the native state [2]. The impor-
tance of early folding events is still acknowledged,
however, and the alternative ‘framework’ (‘sequential’)
[3–6] and ‘hydrophobic collapse’ [7] models along with
the classical model of ‘nucleation’ [8,9] and its recent
extension of ‘nucleation-condensation’ [10,11] are still
recurringly considered. While the framework and classi-
cal nucleation models assume early formation of short-
range local interactions, the collapse model proposes an
intermediate with a quasi-compact structure, stabilized
by aspecific, long-range interactions. In the nucleation-
condensation model both short-range and long-range
interactions are held to be important in the formation of
the nucleus.
The dilemma of the importance of short-range or long-
range interactions is also extended into the folding
problem of multidomain proteins. The main issue is
whether domains or subdomains refold independently
into their native structure and associate only at a later
stage or whether they can associate at an early stage by
long-range interactions and refold only later in a coopera-
tive manner. Although there is ample experimental evi-
dence for independent domain folding [12–18], there are
only a few examples of restoration of functional properties
upon mixing of separate fragments that correspond to the
domains. Thus, at present, it is not clear whether the
‘modular assembly’ of independently folded domains
[8,9,19] is a reasonable model for multidomain proteins or
whether association of the domains at an earlier stage of
folding has to be assumed.
The typical two-domain enzyme 3-phosphoglycerate
kinase (PGK) is well suited for studying these aspects of
protein folding. The conservation of both the primary
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sequence [20] and the tertiary fold [21–26] of the
enzyme may allow a direct comparison of results with
PGKs of different origin. In order to determine whether
the folding units within the enzyme molecule correspond
to the structural domains, both equilibrium [27–31] and
kinetic [32–47] studies of unfolding [27–33,38] and
refolding [27,34–47] have been carried out with the
intact enzyme [27,34–36,38,40,47], its engineered
mutants [29,31–33,37,38] and its various fragments
[27,38–46]. In general, these works agree that refolding
of PGK occurs in at least two distinct phases: a very fast
initial step in which the molecule collapses into a state
with characteristics of the molten globule [37,38,40,41],
followed by slow step(s) on the timescale of minutes.
Proline cis–trans isomerization has been ruled out as a
possible reason for the latter [38,40,47]; disulphide iso-
merization can also be excluded as the native enzyme
has no disulphide bonds. Conceivably, the slow refolding
is related to the domain structure, but no comprehensive
picture has so far been attained; although differences in
domain stability have been observed (e.g. [28,30]),
assignment of the rate-determining step to either of the
domains is still equivocal [29,36,38]. Consistent with
independent domain folding, folding of both isolated
domains has been demonstrated [44–46], although recon-
struction of an active enzyme from these folded units has
not been successful.
Various proposals have been put forward on the nature
and localization of the rate-limiting step. The refolding
rate of fragments containing the C-domain was found to
be similar to that of the whole enzyme, indicating that the
rate-limiting step of the intact enzyme may correspond to
the folding of this domain [36,38,40,43]. In fact, Parker et
al. [38] have shown with a thermostable PGK that refold-
ing of the N-domain is as much as 40 times faster than that
of the C-domain. On the other hand, studies with the
yeast enzyme have revealed only minor differences
between the refolding rates of the two domains, underlin-
ing the possibility that domain-pairing may also contribute
to limiting the rate of refolding [36,37,41].
In an attempt to establish the nature of the rate-determin-
ing step and clarify the role of structural domains in the
folding of PGK, we present a detailed analysis of reactiva-
tion kinetics during refolding of the intact enzyme from
pig muscle and complementation of its previously
described proteolytic fragments [39,48].
Results and discussion
Kinetics of reactivation from complementary fragments
Complementation of the fragments
In previous studies on pig muscle PGK [39,40], a
common first-order isomerization step was observed upon
renaturation of the intact enzyme and its C-terminal frag-
ment (residues 156–416). This result is consistent with
the localization of a rate-limiting conformational process
within the C-domain. In preliminary complementation
experiments with two proteolytic fragments of the same
enzyme (residues 1–155 and 156–416), however, a slow
bimolecular association of the fragments appeared to
determine the rate of restoration of the enzyme activity
[39]. One experiment, nevertheless, indicated some devi-
ation from bimolecularity, although limited availability of
the fragments prevented an extensive testing of the
kinetic order at that time [39].
Here, we report reactivation experiments with the same
pair of proteolytic fragments of pig muscle PGK in a con-
centration range that covers almost two orders of magni-
tude. Figure 1 illustrates the cleavage of the enzyme into
two pieces: the C-fragment is about 5 kDa larger and the
N-fragment is about 5 kDa smaller than the correspond-
ing domains of about 22 kDa each. Upon complementa-
tion of the fragments, the activity recovered varied
between 50% and 70% of intact enzyme which has
undergone the same procedure in 3 M guanidine
hydrochloride (GuHCl) as the fragments themselves (see
Materials and methods). It has to be noted, however, that
the extent of reactivation of the intact enzyme itself
decreased gradually after several days of storage in 3 M
GuHCl, largely due to oxidation of the enzyme thiols, as
also pointed out by others [42,49]. Still, this recovery of
activity (60% on average) upon complementation is
markedly higher than in any of the previous studies with
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Figure 1
The relationship between the domain structure of PGK and its
proteolytic fragments. The entire polypeptide chain is illustrated by a
ribbon using the X-ray coordinates of pig muscle PGK complexed with
3-phosphoglycerate and MnAMP–PNP [57]. The cleavage site [40] is
also indicated. The C-fragment and N-fragment parts of the molecule
are shown with solid and three-threaded ribbon, respectively. The
C-terminal tail, including residues 401–416, is black. The H-bond
connections are also indicated: 1, 409N (C terminus) to 168O (α-helix
5); 2, 414N (C terminus) to 183O (β-strand F); and 3, 414O
(C terminus) to 6N (N terminus). Ligands are shown with stick models.
yeast PGK fragments, where either no or only 0.25–8%
[36,41–43,50] reactivation was observed. The optimal
ratio of the fragments for complementation was deter-
mined by titrating the C-fragment with the N-fragment,
as illustrated by the inset in Figure 2.
Figure 2 shows that an increase in the concentration of
both fragments by almost two orders of magnitude has no
effect on reactivation kinetics. This result unambiguously
demonstrates that the bimolecular association of the frag-
ments is not rate-limiting, as the process has a unimolecu-
lar character in a wide range of protein concentration. In
all likelihood, isomerization of the protein structure has to
be taken into consideration.
An interesting feature of the time course of reactivation is
a small but significant lag-phase, which has not been
observed previously. It has to be noted that this lag-phase
has become apparent only by analysing the very initial
phase (with a dead time of 2 s) of the continuously
recorded time course of activity. This indicates that the
reactivation from fragments is not a simple reaction as pre-
viously thought [39,40,42,43], but a complex multistep
process that includes the formation of an intermediate
with small or no activity. No such intermediate has been
detected in previous reactivation studies, although the
appearance of intermediates during the refolding of PGK
has been demonstrated by various physico-chemical
methods [36–38].
The same lag-phase was also seen when the N-fragment
was preincubated under renaturing conditions before
mixing it with the denatured C-fragment. On the other
hand, when the C-fragment was preincubated in a similar
way prior to complementation, the lag-phase disappeared
and the time course simplified into a single first-order
transition, regardless of the denatured/preincubated state
of the N-fragment. Disappearance of the lag-phase indi-
cates that preincubation of the C-fragment allows comple-
tion of at least part of the step(s) that lead to the active
enzyme. Such behaviour characterizes consecutive
processes and suggests that the preincubated C-fragment
is at least partially folded and represents an inactive inter-
mediate. Thus, the whole reactivation process can be
described by the following simplified scheme of two
sequential steps:
(Scheme 1)
where D, I and N denote the denatured, intermediate and
native forms, respectively, and k1 and k2 denote first-order
rate constants of the first and second steps (or groups of
the steps), respectively. The validity of this model will be
investigated below.
Binding of MgATP to the refolded C-terminal fragment
In this section we address the question: to what extent can
the isolated C-fragment adopt a native-like structure upon
incubation under renaturing conditions? In previous
studies, Trp fluorescence, characteristic of the native
protein, has been shown to be largely restored upon
similar preincubation of the C-fragment [40]. As shown in
Figure 1, the C-fragment contains the whole nucleotide-
binding site (located within the C-domain) [24], so
binding of MgATP can be expected if the preincubated
C-fragment is properly refolded. In order to test this,
MgATP-binding experiments were performed. As
reported earlier, the fluorescent dye 1-anilino-8-naphtha-
lene-sulfonate (ANS) provides a saturable signal (intensity
decrease) for the detection of MgATP binding to intact
PGK [51]. This method proved applicable also for the
C-fragment, as shown in Figure 3. The dissociation con-
stant determined for MgATP binding to refolded C-frag-
ment was 0.24 ± 0.05 mM, close to the value of
D I
k1 N
k2
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Figure 2
Reactivation of PGK from its fragments. Refolding was initiated by
diluting denatured fragments into the activity assay mixture ( and ,
[C-fragment] = 1.2 × 10–8 M), or by a dilution into a separate renaturing
mixture ([C-fragment] = 3.8 × 10–6 M), from which aliquots were
withdrawn to measure activity at different times (, ,  and ).
N-fragment was used at a concentration equivalent to the C-fragment
as determined in a complementation titration experiment, as discussed
in the Materials and methods (see inset). Preincubation of fragments
under renaturing conditions before initiation of complementation was
performed as follows: no preincubation ( and ); N-fragment
preincubated (); C-fragment preincubated ( and ); both
fragments preincubated separately (). Fitting of the data sets (, 
and ) with Equations 2 and 4 gave nearly identical curves (only one
curve is shown); the values that gave the best fit, however, were
different: k1 = 0.0132 s–1, k2 = 0.0060 s–1, limit (A) = 60%; and
k1 = 0.0067 s–1, k2 = 0.0058 s–1, limit (A) = 60%, respectively. A first-
order rate equation was fitted to the data sets (,  and ); the
values that gave the best fit: k = 0.0063 s–1, limit (A) = 62%. Activity,
plotted as a function of time, is given in the percentage of the activity
of intact PGK refolded in a similar way.
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0.23 ± 0.03 mM reported for the intact pig muscle enzyme
[52]. In agreement with this finding, refolded isolated
C-domain of the yeast enzyme also bound MgATP with a
Kd of 0.33 mM [44]. This match leads to the conclusion
that the refolded C-fragment contains a native-like
C-domain and suggests that the inactive intermediate
observed above in the reactivation process contains a com-
pletely refolded C-domain or even the whole C-fragment
(see Figure 1). Alternatively, misfolding part of the C-frag-
ment that belongs to the N-domain, resulting in the con-
secutive character of the reaction, cannot be excluded
either. If the consecutive reactivation kinetics really origi-
nate from the domain structure and not from a kinetic
artefact caused by the fragmentation, a similar kinetic
behaviour can be expected for the intact enzyme.
Refolding kinetics of the intact enzyme
Kinetics of reactivation
Numerous kinetic studies of reactivation with intact PGKs
from horse [47,49], pig muscle [39,40], yeast [36] and
Bacillus stearothermophilus [38] have been reported, but
reactivation has always been interpreted as a single first-
order transition. A careful reinvestigation of the time
course of reactivation, by continuously monitoring the
absorbance change, in a similar manner to the experiment
with fragments, revealed the existence of a lag-phase for
the intact enzyme also (Figure 4). Therefore, this kinetic
behaviour is not the result of the fragmentation and
according to the consecutive model (Scheme 1) it may
represent sequential refolding of the two structural
domains within the enzyme molecule (see Figure 1). This
result, along with the effect of pre-renaturation of the
C-fragment on the kinetics of complementation, suggests
that folding of the C-domain is independent and an inac-
tive intermediate with folded C-domain and still unfolded
N-domain (I1) should exist.
(Scheme 2)
Thus, in a sequential order of domain folding mecha-
nism the occurrence of route a is supported by the data,
which excludes the alternative route b where the N-
domain would fold first. It should be noted, however,
that an extended random mechanism, assuming parallel
k2k1
k1k2
C
C N
NN C
Intermediate (I1) Intermediate (I2)
a b
D
N
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Figure 3
MgATP binding to the refolded C-fragment. 0.025 mg/ml (83 µM) ANS
and 16 mM MgCl2 was added to 10–6 M refolded C-fragment and
titration with ATP was carried out by a stepwise addition of aliquots.
Emission spectra were recorded at each step. The inset shows the
emission spectra in the absence (solid line) and in the presence
(dashed line) of 10 mM ATP, and the arrow indicates the change
plotted in the main graph. Data were corrected for dilution, and
emission intensity at 470 nm was plotted as a function of total MgATP
concentration. An equation assuming one-site binding was fitted to the
data; the best fitting value was Kd = 0.24 ± 0.05 mM. The percentage
of saturation is indicated on the right-hand side ordinate.
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Figure 4
Reactivation of intact PGK. Refolding was initiated by dilution of
denatured PGK into the activity assay mixture, reaching 2 × 10–8 M final
concentration. The inset shows the registered decreasing absorbance
at 340 nm. In the main graph, activity (, first derivative of the curve in
the inset) was plotted as a function of time, given as percentage of the
native enzyme activity. The maximal activity recovered was also
checked by separate dilutions (). Fitting of the data with Equations 2
and 4 gave nearly identical curves (only one curve is shown, continuous
line); the variables that gave the best fit were, however, different:
k1 = 0.0115 s–1, k2 = 0.0076 s–1, limit (A) = 85%; and k1 = 0.0069 s–1,
k2 = 0.0070 s–1, limit (A) = 85%, respectively. Theoretical curves
(dashed lines) show first-order rate curves with the first set of k1 and k2
values, and also the time dependence of the intermediate concentration
in a simple consecutive case.
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occurrence of both routes a and b, cannot be excluded
either. According to this scenario, the temporal order of
folding of the two domains is random, that is, folding of
one domain is not a prerequisite of folding of the other.
This mechanism also has a sequential character,
however, because folding of one domain leads to an
active enzyme only if the other domain is already in a
folded state. Consequently, instead of a single inactive
intermediate (e.g. I1 containing a folded C-domain, via
route a) in a simple sequential mechanism, two distinct
inactive intermediates (I1 and I2) can be formed at
random as both routes a and b are operating, that is, an
intermediate with a folded N-domain is also possible. In
this respect, the lack of an effect of N-fragment pre-
renaturation on the reactivation time course is not very
decisive as this fragment does not encompass the entire
N-domain and, thus, it may not be able to fold indepen-
dently. Taken together, although our data demonstrate
the occurrence of route a, at this stage we cannot exclude
the simultaneous operation of route b in Scheme 2.
Restoration of protein fluorescence
For comparison, the time-dependent restoration of Trp
fluorescence upon refolding of intact PGK has also been
followed (Figure 5). Here, in accordance with previous
observations [38,40], no lag-phase could be observed. The
inset shows spectra of the denatured and refolded enzyme
and illustrates the direction of the observed changes.
Immediately after initiation of the refolding, within the
dead-time of manual mixing, an increase of fluorescence
occurs (indicated by a dotted arrow in the inset), possibly
due to the formation of a hyperfluorescent intermediate.
This intermediate has also been suggested by others for
the yeast enzyme [41]. 
The burst is followed by a slower decrease of fluores-
cence. The time-dependence of this change is appar-
ently biphasic, constituted by a single first-order
transition of about 70% of the total change and another
extremely slow step, which proceeds even after complete
restoration of the activity (see also Figure 4). A similar,
slow recovery of the native-like protein fluorescence
after regaining of activity has also been observed for
other proteins [53,54]. This very slow step may be
related to the slow equilibration of various possible con-
formations of the enzyme in the native state. After sub-
tracting this very slow phase from the total fluorescence
change, the difference can be fitted by a single first-
order transition (Figure 5). As all four Trp residues of the
pig muscle enzyme are located in the C-domain, this
transition must reflect the refolding of the C-domain.
This experiment, therefore, is expected to provide infor-
mation about the time course of formation of a possible
inactive intermediate that contains a refolded C-domain
and a still unfolded N-domain. The comparative kinetic
analysis, presented below, supports this expectation.
The refolding rate of the N-domain could not be deter-
mined similarly by following the less sensitive Tyr fluo-
rescence as achieved in an elegant study with
B. stearothermophilus PGK [38]. The N-domain of pig
muscle PGK contains only two Tyr residues (compared
to four in B. stearothermophilus PGK), the signal of which
is below the well detectable level. 
Kinetic model of sequential domain refolding
All the data presented in the foregoing sections can be
assembled into a coherent picture of the folding mecha-
nism of the two-domain kinase investigated. The time
course of reactivation of either the intact enzyme
(Figure 4) or the simultaneously mixed complementary
fragments (Figure 2) can be fitted by the same rate equa-
tion. The fitting was done in two different ways, for it was
not possible to distinguish between a simple sequential
(either route a or b in Scheme 2) and a random (both
routes a and b in Scheme 2) domain folding mechanism
strictly on the basis of these complex reactivation time
courses. Both types of data (i.e. Figures 2 and 4) could be
satisfactorily fitted either by Equation 2 corresponding to
the simple sequential mechanism or by Equation 4 corre-
sponding to the random mechanism. The rate constants
(k1 and k2) obtained, however, are different in the two
cases (Table 1), which may allow a distinction between
the two possible mechanisms to be made.
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Figure 5
Restoration of protein fluorescence during refolding of intact PGK.
Refolding of intact PGK was carried out at 6.3 × 10–7 M concentration.
The very slow secondary change is approximated with a straight
(dotted) line. After subtracting this linear phase from the experimentally
recorded curve a first-order exponential (dashed line) could be fitted to
the data with k = 0.00978 s–1. The continuous curve is the sum of the
dotted and dashed lines. The inset shows the emission spectra of
native (1) and denatured (2) PGK, the dotted arrow indicates the burst
increase of intensity at 340 nm within the dead-time of the
measurement, and the solid arrow corresponds to the intensity
decrease during refolding, plotted in the main graph.
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Simple first-order k values were independently deter-
mined by following reactivation-complementation after
pre-renaturation of the C-fragment (0.006 s–1) and by fol-
lowing restoration of Trp fluorescence reflecting refolding
of the C-domain within the intact enzyme (0.010 s–1).
These values are closer to the constants derived by assum-
ing a simple sequential domain folding than those for a
random mechanism (Table 1). Although we have no direct
evidence that the N-domain lacks independent folding
ability, these comparative kinetic studies corroborate the
operation of a simple sequential domain folding where
folding of the C-domain precedes folding of the N-domain
(i.e. route a in Scheme 2).
Furthermore, the k values determined separately for the
above simple first-order processes allowed the assignment
of the two rate constants of the consecutive reaction to
particular processes. Due to the general kinetic ambiguity
in assigning rate constants of complex reactions [55],
exactly the same time course is obtained when the values
of k1 and k2 are interchanged. Thus, by fitting the experi-
mental reactivation curve of the intact enzyme alone, we
would never have been able to decide whether formation
of the intermediate is faster than its conversion into the
native form, or the other way around. The reactivation
experiment with the pre-refolded C-fragment enabled
the observation of the separately occurring second step, as
the lag-phase has disappeared. In this way the rate con-
stant k2 can be assigned: it apparently corresponds to the
slower rate constant obtained by fitting the consecutive
reactions (Table 1).
The k1 value, the rate constant of formation of the inactive
intermediate, could not be derived separately from reacti-
vation studies. It could, however, be determined by fluori-
metric detection of refolding. The value obtained from
restoration of protein fluorescence is, indeed, very close to
the k1 value obtained by fitting the reactivation kinetics
with the simple sequential model (Table 1).
It may be worthy of note that an apparent accelerating
effect of pre-renaturation of the fragments (larger than the
C-domain) on reactivation has also been observed with the
yeast enzyme where it was thought to indicate the local-
ization of the rate-limiting step within the fragment con-
taining the C-domain [42,43]. The accelerating effect of
preincubation, in principle, indicates the complex charac-
ter of reactivation kinetics. This sort of complexity,
however, has not been noted in any of the previous works,
as no lag-phase or other type of deviation from a single
first-order reaction was observed. In fact, a small but sig-
nificant deviation in the reactivation time course from a
single exponential has been first observed by us (see
Figures 2 and 4).
It is also notable that no acceleration of reactivation was
observed in a work with yeast PGK when a fragment
larger than the N-domain was ‘pre-renatured’ before com-
plementation [42]. This earlier work is in agreement with
the exclusion of route b (Scheme 2) via the intermediate
containing a native-like N-domain, as suggested here for
the pig enzyme.
On the other hand, a significantly different folding mecha-
nism was suggested from physico-chemical studies for
refolding of B. stearothermophilus PGK with a major inter-
mediate having a native-like N-domain and an unfolded
C-domain [38]. A large number of additional salt bridges
were noted in this and also in another (Thermotoga mar-
itima) thermophilic PGK, as compared to mesophilic vari-
ants (yeast and pig muscle), which was related to the
increased thermostability [26,56]. Remarkably, for the
B. stearothermophilus–yeast pair the extra salt bridges were
mainly found in the N-domain, therefore the increased
stability of the N-domain versus the C-domain was pro-
posed [56]. As this may result in differences in the folding
mechanisms of thermophilic and mesophilic species, we
have checked the distribution of salt bridges between the
two domains in all PGKs with available three-dimensional
570 Folding & Design Vol 3 No 6
Table 1
First-order rate constants of the consecutive refolding process as derived from the experiments shown in Figures 2, 4, 5 and 6.
Type of experiment Kinetic characteristics Assumed mechanism k1 (s–1) k2 (s–1)
Reactivation from fragments Lag-phase Simple sequential 0.0120 ± 0.0035 0.0066 ± 0.0020
(no preincubation or N-fragment preincubated) Random 0.0067 ± 0.0025 0.0058 ± 0.0018
Reactivation from fragments Single first-order – 0.0060 ± 0.0020
(C-fragment preincubated)
Reactivation of the intact enzyme Lag-phase Simple sequential 0.0125 ± 0.0020 0.0077 ± 0.0020
Random 0.0068 ± 0.0028 0.0070 ± 0.0030
Restoration of protein fluorescence of the intact enzyme 70% first-order 0.0100 ± 0.0010 –
30% extremely slow
Fluorescence change of ANS bound to the C-fragment Apparent first-order 0.0095 ± 0.0015 –
structure. In all mesophilic species (yeast [22], pig [57]
and Trypanosoma brucei [25]) the two domains contain
similar numbers of ion pairs, varying between 8 and 10.
The two investigated thermophilic PGKs contain 17
versus 13 (B. stearothermophilus [24]) and 14 versus 10
(T. maritima [26]) ion pairs in the N- and C-domains,
respectively. The elevated number of ion pairs in the N-
domain versus the C-domain appears to be a general prop-
erty, different from the mesophilic counterparts. This
finding supports the above assumption that despite the
highly conserved structure of PGK, subtle source-specific
variations may result in significant mechanistic differences
in the folding of this two-domain enzyme.
Refolding kinetics monitored by ANS fluorescence are
compatible with the model 
Unlike the change of protein fluorescence, which detects
the folding process of the C-domain within the intact mol-
ecule, the application of ANS provides a signal for the
monitoring of refolding of the whole molecule, including
the N-domain [40]. Using this method it has been shown
that the refolding of pig and yeast enzymes follow similar
time courses and can be fitted by a single exponential
[40]. In the light of the above model, however, the ques-
tion arises as to how this observation can be consistent
with the assumed consecutive refolding of the domains?
Therefore, we re-examined the refolding kinetics of both
the intact pig muscle PGK (Figure 6a) and the C-fragment
(Figure 6b). 
As also found earlier, an intermediate state can be
observed within the dead-time of manual mixing to which
ANS is strongly bound, making it highly fluorescent (see
inset in Figure 6a). This transient fluorescence increase
probably represents the molten globule state [58]. The
burst is followed by a time-dependent decrease in fluores-
cence, concomitant with the refolding process. As the
emitted fluorescence of the bound ANS is proportional to
the size of the protein, as deduced from the comparison of
the kinetics of the intact enzyme and of the C-fragment
(Figure 6a,b), one can reasonably assume that the two
domains of similar size contribute equally to the fluores-
cence signal of intact PGK. In keeping with this assump-
tion, the above sequential kinetic model with reactivation
k1 and k2 values (Table 1) was used to fit the fluorescence
data. Figure 6a shows that the fit is satisfactory within
experimental error. Similarly, the curve for the C-fragment
(Figure 6b) follows a single exponential with a rate con-
stant close to the independently determined value of k1
(Table 1). It has to be noted, however, that the complex
theoretical curve for the assumed consecutive reaction
hardly deviates from a single exponential, because k1 and
k2 are close to each other and the intermediate, unlike
enzyme activity, here contributes to the measured signal
(see also Equation 4). Thus, this experiment, which in
itself would not allow us to distinguish between a simple
and a consecutive first-order kinetic mechanism, is com-
patible with the latter one.
Structural basis of sequential domain refolding
The proposed kinetic model, schematically represented
by route a in Scheme 2, assumes a sequential pathway
with an inactive intermediate containing the C-domain,
but not the N-domain, in a refolded state. Thus, refolding
of the C-domain occurs prior to the refolding of the
N-domain and activity is recovered only when both
domains have reached their properly folded states. This
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Figure 6
Refolding of (a) intact PGK and (b) its C-fragment monitored by ANS
fluorescence. Refolding was initiated by a dilution into buffer that also
contained 0.025 mg/ml (83 µM) ANS, reaching 10–6 M protein
concentration. The change of ANS emission intensity in arbitrary units
is plotted as a function of time. (a) Equation 7 using the rate constants
k1 = 0.0125 s–1, k2 = 0.0070 s–1 gave the solid curve. The constituting
curves of the latter one show the intensity change due to the first
(dashed line) and second (dotted line) steps according to the
consecutive model. The inset shows the emission spectra of ANS in
the presence of denatured (dotted line) and native (solid line) PGK; the
spectrum of the molten globule state is also indicated (), obtained
from the initial intensities of refolding kinetics monitored at different
wavelengths. (b) A first-order exponential decay equation was fitted to
the experimental data points; the value that gave the best fit was
k = 0.0105 s–1.
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latter condition is very plausible in light of the structural
information: each domain binds one of the two substrates
(see Figure 1) and for the catalysis their sophisticated
interaction seems to be required [25,57].
Refolding of the C-domain, as a prerequisite of refolding
of the N-domain, may become understandable upon sur-
veying the structure (Figure 1). The clue for this is pos-
sibly the C-terminal tail of about 15 residues which
includes a short helix (helix 15, according the numbering
of the muscle enzyme [21]), the importance of which in
folding and stability has also been suggested by other
workers [41,59,60]. As shown in Figure 1, this tail points
away from the C-domain and constitutes an integral part
of the N-domain. In particular, this C-terminal end
interacts with a β-sheet (β-strand F) and an important
short central helix (helix 5) of the N-domain simultane-
ously through peptide–H-bonds. There is also another
mainchain H-bond connection between the C and
N termini of the protein. These interactions are well
conserved and are independent of sidechains. Their con-
tribution seems to be important in stabilising the three-
dimensional conformation of the N-domain. Further,
hydrophobic interactions have also been noticed
between the C-terminal tail and the neighbouring inter-
domain helix (helix 14) [60].
Thus, the proper positioning of the C terminus relative to
the N terminus, as a prerequisite for folding of the
N-domain, may occur if the C-domain is already in the
folded state. We have no information yet about the folding
state of the small part of the N-domain (residues 156–186,
about 5 kDa) that is present in the C-fragment, but it may
become folded only after a fast association with the com-
plementary N-fragment (residues 1–155), leading to the
reconstitution of the whole N-domain. The unimolecular
character of the whole complementation process, and its
similarity to the reactivation process of the intact enzyme,
is consistent with this assumption.
Alternatively, even if the proper folding of the 5 kDa part
of the N-domain comes about within the isolated C-frag-
ment and/or any state of folding of the isolated N-frag-
ment can occur, their fast association can be followed by a
slow unimolecular process during complementation. This
conformational process may be localized only within the
N-domain, although conformational adjustment between
the two refolded and associated domains cannot be com-
pletely excluded. Further physico-chemical investigations
of the separately refolded fragments, under way in our lab-
oratory, will possibly shed more light on the structural
integrity of the domains.
In summary, in addition to the previously identified slow
unimolecular folding step, which is responsible for the
reconstruction of the nucleotide-binding C-domain, the
occurrence of another, slightly slower unimolecular step is
now localized within the N-domain of pig muscle PGK. It
is shown that the sequential order of these two steps, the
nature of which is still to be identified, is not influenced
by the fragmentation of the enzyme molecule and pertains
to the folding pathway of the intact PGK as well.
Materials and methods
Enzymes and chemicals
PGK [EC 2.7.2.3] and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [EC 1.2.1.12] were isolated from pig muscle as described
previously [23,61] and stored as microcrystalline suspensions in
(NH4)2SO4 in the presence of 2 mM dithiothreitol (DTT). PGK micro-
crystals were dissolved and dialysed in 0.1 M glycine buffer, pH = 8.1,
containing 1 mM EDTA. Protein concentration was determined spec-
trophotometrically by using the value of A280 = 0.69 for 1 mg/ml solu-
tion for 1 cm pathlength [62]. Molecular mass of the enzyme was taken
to be 44.5 kDa [63]. Activity of PGK was measured by using 3-phos-
phoglycerate (3-PG) and MgATP as substrates in a coupled assay with
GAPDH, as described previously [64]. Specific activity of the enzyme
varied between 500 and 700 kat/mol (kat denotes substrate moles
converted per second). Trypsin (bovine pancreatic, Serva) [EC
3.4.21.4] had a specific activity of 33 TUBAEE/mg (TU denotes trypsin
units, i.e. µmoles of BAEE converted per minute) dry weight. Stock
solution of ~10 mg/ml in 1 mM HCl was stored in frozen state. Activity
was assayed with benzoyl-L-arginine ethyl ester (BAEE) (Merck) as
substrate according to Schwert and Takenaka [65]. The affinity chro-
matography resin, containing soybean trypsin inhibitor bound to 4%
beaded agarose with 10,000–30,000 TUBAEE/mg capacity was pur-
chased from Sigma. GuHCl, ANS and MgCl2 were Sigma prepara-
tions. 3-PG and ATP (Na-salts) were Boehringer products, NADH was
a Reanal (Hungary) preparation. All other chemicals were reagent-
grade commercial preparations.
Preparation and isolation of fragments of PGK
Limited proteolysis of the enzyme (0.50–0.75 mM) was performed in
the presence of 15 mM 3-PG as described previously [48]. After about
80–90 min of digestion at 30°C, when the activity decreased by about
10–20%, the mixture was loaded on a trypsin inhibitor affinity column
(1 ml), equilibrated with 0.1 M glycine buffer, pH = 8.1, containing
1 mM EDTA, to separate trypsin and thereby stop digestion. This sepa-
ration required only a few minutes. After addition of 2 mM DTT and
cooling to 5°C, the effluent was concentrated using a centricon TM10
microconcentrator (Amicon) to ~25–30 mg/ml concentration. The con-
centrated protein was then loaded on an Ultragel AcA 54 column
(0.9 cm × 50 cm), equilibrated with 20 mM phosphate buffer, pH = 7.0,
containing 1 mM EDTA and 1 mM DTT. Flow rate was 4 ml/h and 1 ml
fractions were collected. Under these conditions the intact and the
nicked enzyme eluted together, but were separated from digestion
products of small molecular mass. The eluate was concentrated to
~20 mg/ml, and its activity, as expected on the basis of previous find-
ings [48], was found to be the same as before limited proteolysis. Solid
GuHCl was added to the concentrated protein solution to reach 3 M
concentration, and this denatured protein was loaded on a Sephacryl
S-200 column (1.4 cm × 130 cm) to enable preparation of the frag-
ments at a larger scale than previously [39]. The column was equili-
brated with 20 mM phosphate buffer, pH = 7.0, containing 3 M GuHCl,
1 mM EDTA and 2 mM DTT. Flow rate was 4 ml/h and 1 ml fractions
were collected. Fractions were analysed for protein content by deter-
mining the absorbance at 280 nm (see next section) by measuring the
regained activity, after incubation under renaturing conditions, for the
intact enzyme or after complementation for the fragments (see below).
The purity of the intact enzyme and the separated fragments were
checked by SDS–PAGE [66], their eluted samples were concentrated
under denaturing conditions using TM10 (intact enzyme and C-frag-
ment) and TM3 (N-fragment) microconcentrators and stored in ice in
the presence of 2 mM DTT.
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Determination of fragment concentration
The N-fragment corresponds to 1–155 residues of the chain, and the
C-fragment corresponds to the remaining 156–416 residues [40]; their
molecular masses are 16.8 kDa and 27.7 kDa, respectively, as calcu-
lated from the structure of the pig muscle enzyme [23]. Using a pub-
lished formula [67], based on the Trp and Tyr content of the fragments,
26600 M–1 cm–1 and 1280 M–1 cm–1 were calculated for the ε280 values
of the C- and N-fragments, respectively. In a similar way
27900 M–1 cm–1 was calculated for the intact enzyme, which is within
about 6% of the value 30700 M–1 cm–1 determined experimentally by us.
Due to the low absorbance of the N-fragment, the determination of its
concentration is much less reliable than that of the C-fragment. There-
fore, we estimated it only from complementation titration experiments
(see below) with the spectrophotometrically determined C-fragment. In
such titrations the N-fragment was added in different amounts to a
known amount of C-fragment, and the total activity restored upon refold-
ing has been determined in each case. The activity was proportional to
the amount of N-fragment, up to where it was functionally equivalent to
the concentration (usually 2 × 10–8 M) of the C-fragment. The concentra-
tion of the N-fragment could be deduced from this equivalence point.
Activity determination during refolding
Measurements were carried out in the thermostated cell compartment
(20°C) of a Jasco V-550 spectrophotometer. Refolding of the frag-
ments was initiated by dilution that reduced GuHCl concentration from
3 M to 20 mM or less (PGK is fully active under 20 mM GuHCl [40]).
Reactivation of the intact enzyme as well as restoration of enzymic
activity upon complementation of proteolytic fragments was followed in
two ways. Firstly, the progress curve of reactivation was registered,
when either the denatured intact enzyme or its fragments were diluted
directly into the activity assay mixture. This progress curve (data points
every second) was differentiated, resulting in the activity change as a
function of time. Secondly, the denatured samples were diluted into a
separate renaturing buffer (20 mM phosphate buffer, pH = 7.0, con-
taining 1 mM EDTA and 2 mM DTT, i.e. the buffer used also for activity
measurements), and aliquots, taken at different time intervals after initi-
ation of refolding, were assayed for activity for 10 s. It was checked
that the presence of substrates has no effect on renaturation kinetics.
For technical reasons the first method can be used only at low protein
concentrations (~10–8–10–7 M), while the second method can be used
in a wider range of concentrations, at least up to 10–5 M. At low
enzyme concentrations both methods resulted in essentially the same
time course, although for determining the maximal extent of reactivation
the second one proved to be more appropriate. With the first method
substrate consumption or product inhibition may not be neglected after
few minutes, as these may significantly interfere with the final part of
reactivation kinetics. However, this method gave much more reliable
information of the very initial part of the time course. Reactivation of
fragments was measured in three different ways. Firstly, no pre-renatu-
ration of either fragment. Fragments were diluted simultaneously either
into the activity assay mixture or into a separate renaturing mixture of
20 mM phosphate buffer, pH = 7.0, which contained 1 mM EDTA and
2 mM DTT, and at different time intervals aliquots were taken to
measure activity. Secondly, one of the fragments was preincubated.
One fragment was diluted as in the previous case and incubated for
8–30 min. Afterwards, the other fragment was also diluted into this
renaturing mixture to initiate complementation. Thirdly, both fragments
were preincubated. The two fragments were diluted separately in the
above described way but their concentrations were kept twice as high
as in the previous cases. After preincubation the equal volumes of
diluted fragments were mixed and at different time intervals aliquots
were taken to measure activity.
Fluorescence measurements
For protein fluorescence, refolding of the intact enzyme was followed by
recording the change in protein fluorescence. Refolding was initiated, as
described above, by direct dilution of the denatured protein into the
cuvette. Excitation wavelength was 290 nm, refolding was followed by
measuring the emission at 340 nm. For ANS-binding experiments, stock
solutions of the fluorescent dye ANS were prepared in water and its
concentration was determined by the absorption coefficient
ε350 = 4954 M–1 cm–1 [68]. Excitation wavelength was 385 nm, refold-
ing kinetics were followed at 470 nm. Refolding was initiated by dilution
of the denatured protein into the buffer used for renaturation with
0.025 mg/ml (83 µM) ANS present. Substrate binding of the refolded
C-fragment was measured by fluorimetric titration with increasing con-
centrations of MgATP in the presence of ANS by a previously elabo-
rated method [51]. All measurements were carried out in a Jasco
FP-777 spectrofluorimeter equipped with a thermostated cell compart-
ment (20°C). The slits for both excitation and emission were 3 nm, and
the light paths were 4 and 10 mm, respectively.
Equations
1. When refolding is followed by measuring activity, the concentration
of the refolded native form (N) in Schemes 1 and 2 is proportional to
the measured activity (v) at any time (t) and its time-dependent change
can be described by the kinetic equation for two consecutive first-order
reactions (either route a or b in Scheme 2):
(1)
where V is the molecular specific activity of the enzyme, k1 and k2 are
the rate constants in Scheme 1, and A is the maximal activity attained
when refolding is complete. If refolding is completed up to 100%, A is
proportional to the total enzyme concentration, C. The following simpli-
fied form of this equation is used for fitting the experimental data: 
(2)
The time-dependent change of concentration of the intermediate (I):
(3)
where C is the total enzyme concentration and equals the sum of the
concentrations of U, I and N forms.
2. As a second case, equations have been derived for the random
mechanism (a and b routes together in Scheme 2):
(4)
(5)
(6)
Here I1 and I2 are the two intermediates corresponding to route a and
b in Scheme 2, respectively, while the other symbols are the same as in
case 1.
3. When refolding is followed by monitoring the change of fluores-
cence intensity of the protein-bound ANS, the following equation is
used for fitting the assumingly complex experimental curve of the intact
enzyme:
(7)
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where the first term, A0, is the intensity at zero time, and A1 and A2 are
the intensity changes due to the refolding of the C- and N-domains,
respectively. The second term represents the first-order refolding kinet-
ics of the C-domain, whereas refolding of the N-domain, which is
assumed to be the second step of the consecutive reaction, is repre-
sented by the third term. Because in this experiment the intermediate
(that contains refolded C-domain) also contributes to the measured
signal and this contribution is not lost during transformation into the
final product (the molecule that contains both domains refolded), Equa-
tion 7 is the sum of these constituent reactions.
Calculations
For fitting equations to the experimental data, Graphit (R.J. Leatherbar-
row 1989/90, Erithacus Software Limited, supplied by Sigma), and
Origin 4.1 (Microcal Software Inc. 1991-96, Northampton, USA) soft-
wares was used.
Molecular graphics
Molecular graphics with the software InsightII 95.0 (Biosym Technolo-
gies, San Diego, USA) were used to study the structural consequences
of proteolytic fragmentation and to relate refolding mechanism to the
domain structure, using X-ray coordinates of pig muscle PGK com-
plexed with 3-PG and MnAMP–PNP [57]. For comparative determina-
tion of salt bridges X-ray coordinates of B. stearothermophilus [24],
yeast [22], T. brucei [25] and T. maritima [26] PGKs were also used.
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